Abstract miRNAs (microRNAs) are short non-coding RNAs that regulate gene expression post-transcriptionally. They generally bind to the 3 -UTR (untranslated region) of their target mRNAs and repress protein production by destabilizing the mRNA and translational silencing. The exact mechanism of miRNA-mediated translational repression is yet to be fully determined, but recent data from our laboratory have shown that the stage of translation which is inhibited by miRNAs is dependent upon the promoter used for transcribing the target mRNA. This review focuses on understanding how miRNA repression is operating in light of these findings and the questions that still remain.
Introduction
miRNAs (microRNAs) are a class of recently discovered 21-25 nucleotide RNA molecules, which bind with imperfect complementarity to their target mRNAs, generally within the 3 -UTR (untranslated region). Since their discovery much progress has been made in understanding their biogenesis and target site recognition within their target mRNAs [1, 2] . However, it is still unclear how miRNAs repress gene expression.
The available data suggest that there are a number of seemingly disparate yet interrelated processes involved in miRNA-mediated repression of gene expression. It has been shown that most miRNA-repressed mRNAs are subject to deadenylation and mRNA destabilization [1] [2] [3] [4] . However, these events appear to be in addition to translational repression, since mRNAs that lack a poly(A) tail (substituted with a histone stem loop) are still subject to miRNA-mediated translational repression without mRNA destabilization [4] . Furthermore, it has recently been shown that translational repression occurs prior to deadenylation and destabilization [5] . It would appear that although these events play a role in miRNA-mediated repression of gene expression, they occur on already translationally repressed mRNAs.
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have been observed using very similar experimental systems [1, 8, 11, 13] .
The main technique used in giving support to the initiation or post-initiation models is sucrose density gradient fractionation, where mRNAs are separated according to the number of associated ribosomes by centrifuging cytoplasmic extract through a sucrose density gradient [1] . In support of the initiation model, miRNA-repressed mRNAs have been found to sediment in the subpolysomal fractions suggesting that they are translationally inactive [6, 8] . Furthermore, miRNA-mediated repression has been shown to be dependent on a m 7 Gppp cap at the 5 -end of the mRNA [5, 6, 9, 10] . In contrast with these observations, other reporter constructs have been shown to sediment in the polysomal region of the gradient, indicating that they are associated with ribosomes, yet synthesis of their corresponding proteins was inhibited [11, 13] . Moreover, in Caenorhabditis elegans, the lin-14 and lin-28 mRNAs also remain associated with polysomes, but are translationally repressed by miRNAs [12, 14] . Also supporting the post-initiation model is the observation that a large number of miRNAs co-sediment with polysomes [15] [16] [17] .
We have recently published a paper which helps in part to resolve these apparently disparate findings [18] . We show that the mechanism of miRNA-mediated translational repression can be directed to the initiation or post-initiation stage of protein synthesis by the promoter used for transcribing the target mRNA [18] . In the present paper, we discuss the available data in the light of these new observations.
The mechanism of miRNA-mediated translational repression is dependent upon the promoter of the target gene Using reporter constructs, translational repression at initiation or post-initiation has been observed using very similar experimental systems [1, 8, 11, 13] . On further examination, different promoters were used for transcribing the miRNAtargeted mRNA in these studies. Some groups used the CMV promoter [8] , whereas others used the TK (thymidine kinase) promoter [11, 13] . We employed a set of matched constructs, with repeats of a let-7 target site in their 3 -UTR [19] , that are identical apart from the promoter used for transcribing the target mRNA. The transcripts derived from the SV40 (simian virus 40) promoter were found to sediment in the polysomes in the absence of let-7 target sites, and in the subpolysomes when they contained let-7 target sites. In contrast, transcripts derived from the TK promoter of herpes simplex virus were found in the polysomes in the presence and absence of let-7 target sites in the 3 -UTR despite being translationally repressed when let-7 target sites were present. These data are consistent with previous reports using either the CMV [8] or TK [11, 13] promoters, with a few notable exceptions which are discussed below.
These data suggest that mRNAs derived from the SV40 promoter are repressed at initiation, since the repressed mRNA shifts to the subpolysomes, indicating a decreased association with ribosomes. There are three possible explanations for sedimentation in the subpolysomes: (i) initiation may be completely blocked, preventing any ribosomes becoming associated with the mRNA; (ii) initiation may be slowed down resulting in ribosome 'run-off'; or (iii) elongation may be completely blocked resulting in an mRNA harbouring only a single 80S ribosome. Since initiation is the rate-limiting step of protein synthesis, involving association of a large number of protein factors [20] , reducing the elongation rate so that it becomes limiting allows one to distinguish between these possible scenarios. Treating cells with low concentrations of the elongation inhibitor cycloheximide, 1000-fold less than would cause a complete elongation block, slows elongation and achieves this rate-limiting effect [21] . We show that the SV40-derived miRNA-targeted mRNAs that are repressed at initiation could be driven back into the polysomes upon treatment with low-dose cycloheximide. This suggests that initiation is not entirely blocked and that elongation can occur along these mRNAs, albeit at an undetermined rate.
In contrast with the SV40 transcripts, those derived from the TK promoter sediment with polysomes even when protein synthesis is repressed by let-7, indicating that repression occurs at some stage after initiation since the mRNAs derived from this promoter have large numbers of ribosomes bound. These results could be explained by a reduced rate of elongation, association of mRNAs with heavy non-ribosomal particles that co-sediment with polysomes, known as pseudo-polysomes, increased ribosome drop-off, or a co-translational/post-translational degradation of the nascent/full-length polypeptide. If ribosomes are actively translocating along the reporter mRNA, addition of puromycin, which causes premature peptide termination [22] , would result in the mRNA being redistributed to the subpolysomal region of the gradient. Indeed, we observed a redistribution of the target mRNA to the subpolysomes upon incubation with puromycin, indicating that the mRNA is associated with translationally competent ribosomes.
It appears that two distinct mechanisms of miRNAmediated translational repression exist. We term these type 1, which occurs at the initiation stage of protein synthesis, and type 2, which occurs at an undefined step post-initiation. Our recent publication [18] helps to unify the disparate findings within the literature where similar experimental systems have been employed [1, 8, 11, 13] . However, the precise nature of each mechanism is yet to be fully determined and is currently under investigation.
The mechanism of miRNA repression at initiation
The role of IRESs (internal ribosome entry sites) in overcoming miRNA repression
IRESs are highly structured sequences that are able to initiate translation independent of the cap structure [20] . Petersen et al. [13] used dicistronic reporter constructs with either the HCV (hepatitis C virus) or CrPV (cricket paralysis virus) IRES driving the translation of the second cistron. The HCV IRES requires only eIF (eukaryotic initiation factor) 3, eIF2 and met-tRNA (methionyl-tRNA) [23] [24] [25] to initiate translation as it binds directly to the 40S ribosome subunit, in association with these factors. The CrPV IRES, on the other hand, does not require any of the canonical factors for initiation [26] . Petersen et al. [13] showed that, for both of these IRESs, translation of the downstream IRES-driven cistron was susceptible to repression by CXCR4 (CXC chemokine receptor 4) siRNA (small interfering RNA), possibly even more than the upstream, cap-dependent, cistron. Since CrPV IRES does not require any of the canonical translation initiation factors, this result is consistent with the view that the repression occurs at some stage after initiation.
In contrast with this, Humphreys et al. [7] used the same reporters as Petersen et al. [13] , but introduced in vitrotranscribed RNA into cells. They found that the CrPV IRES was resistant to repression by CXCR4 siRNA, whereas the EMCV (encephalomyocarditis virus) IRES was partially resistant to repression. Pillai et al. [8] employed a slightly different methodology, and used monocistronic in vitro-transcribed RNA with the EMCV or HCV IRES driving translation. Both IRESs were found to be completely resistant to repression by let-7a. Since the EMCV IRES requires all the canonical initiation factors except the cap-binding protein, eIF4E [24] , these results suggest that the repression mechanism affects the function of eIF4E.
How could these differences be explained? Petersen et al. [13] used dicistronic reporters, whereas Pillai et al. [8] and Humphreys et al. [7] used monocistronic reporters. Could the repression of the upstream cistron, which is dependent on the cap structure, affect the ability of the downstream cistron to overcome the repression? Petersen et al. also used DNA transfections, whereas Pillai et al. and Humphreys et al. used RNA transfections, and it has recently been proposed that the method of transfection may alter the mode of repression [27] . Our data show the importance of different promoters in directing alternative mechanisms of repression, and therefore suggest that factors acquired in the nucleus by an mRNA may affect the subsequent mode of repression. The lack of a nuclear history of the in vitro-transcribed RNAs could make them subject to an initiation block mechanism by default, as they lack any additional factors loaded on to the mRNA in the nucleus.
The role of the m 7 Gppp cap and the translation initiation machinery in miRNA repression
Many groups have shown a requirement for the m 7 Gppp cap in miRNA-mediated translational repression. In these studies, replacing the m 7 G cap with a non-functional ApppN cap, or in some cases introduction of an IRES element in the 5 -UTR (discussed above), relieved repression [5, 7, 9, 10] . Further evidence for an involvement of the cap comes from the observation that AGO-2 [a critical component of RISC (RNA-induced silencing complex) essential for miRNA repression] bears a cap binding-like motif similar to that of the cap-binding protein eIF4E. AGO-2 can also be detected by affinity chromatography with m 7 GTP-Sepharose suggesting an interaction with the cap [28] . In Drosophila melanogaster, where there is less redundancy in the miRNA repression machinery and AGO-1 is the main factor involved in repression, mutation of the residues corresponding to the potential Argonaute cap-binding region did not disrupt the association of AGO-1 with m 7 GTP-Sepharose [29] . These data suggest that Argonaute may not bind to the cap directly but rather via another factor. Interestingly, although not essential for binding to m 7 GTP-Sepharose, the mutated residues in AGO-1 were shown to be essential for interaction with both GW182 [a PB (processing body) component and deadenylation factor] and miRNAs, which would explain the observation that mutating these residues relieves miRNA repression [28, 29] .
In 2005, Pillai et al. [8] artificially tethered AGO-2 to the 3 -UTR of a reporter mRNA, which resulted in repression and a shift to the subpolysomal region of the gradient without a requirement for miRNAs. Surprisingly, this observation was made on a reporter mRNA derived from the TK promoter, whereas one would expect from our recent data [18] that this mRNA would remain polysomally associated even when repressed. However, in this situation [8] AGO-2 was overexpressed and artificially tethered to the mRNA. If indeed AGO-2 does bind the cap [28] or a component of the initiation machinery, this may have imposed an initiation block upon a normally post-initiation repressed mRNA.
eIF6 is an anti-association factor that prevents the joining of the 40S and 60S ribosomal subunits. A role for eIF6 in miRNA-mediated translational repression was demonstrated by Chendrimada et al. [30] , who pulled down eIF6 with components of RISC and the 60S ribosome by affinity purification. Knockdown of eIF6 was sufficient to relieve let-7b repression of a reporter mRNA with two bulged let7b target sites within its 3 -UTR. However, in Drosophila S2 cells depletion of eIF6 did not relieve silencing, indicating that in a system where there is little redundancy of the miRNA repression machinery eIF6 is not fully required [29] . Further support for a role of eIF6 in repression comes from the observation that mRNAs repressed by short RNAs have enhanced association with 40S, but not with 60S components [31] . Together, the available data suggest eIF6 may play a role in miRNA-mediated repression of initiation in mammalian systems, but is not fully required for silencing in a Drosophila system [29] .
The role of subcellular localization of mRNAs in miRNA repression
PBs are subcellular foci that are involved in mRNA processing, degradation and storage. They contain many components of the mRNA degradation pathway, including decapping enzymes DCP1/2 and the proteins RCK/p54, LSM1-7, Pat1, Scd6/RAP55, Edc3, Xrn1, GW182 and Argonaute proteins [32] . The observation that PBs are enriched in Argonaute proteins, miRNAs and repressed mRNAs suggest that there may be a role for PBs in miRNA-mediated repression [6, 7, [33] [34] [35] [36] [37] . Support for this hypothesis came from Bhattacharyya et al. [6] who showed, using FISH (fluorescence in situ hybridization) in HuH-7 cells, that, when repressed by miR-122, CAT-1 mRNA was found in PBs. Subsequent relief of repression by cell stress resulted in relocalization from PBs and increased association with polysomes. Moreover, expression of miR-122 in cells lacking this miRNA (HepG2 cells) was sufficient to localize CAT-1 mRNA to PBs. Interestingly, they found the ARE (AU-rich element)-binding protein HuR and its association with a region of the CAT-1 3 -UTR to be essential for relocalization. Bhattacharyya et al. [6] also created chimaeric constructs with three bulged sites for let-7a fused to the HuR-binding region of CAT-1 mRNA. In control HeLa cells, this mRNA was localized to PBs, but, when cells were subjected to stress by amino acid starvation, it relocalized from PBs and became translationally active. Importantly, a control mRNA harbouring the let7a sites, but lacking the CAT-1 HuR-binding region was found to localize with PBs even upon amino acid starvation. These data would suggest that the HuR-binding region of CAT-1 mRNA is required for mobilization from PBs upon cell stress. Furthermore, these data support a role for PBs in translational repression of miRNA-targeted mRNAs, although how general an effect this is has yet to be determined. miR-122, unlike the bulk of miRNAs, is involved in other processes in addition to translational repression as it has been shown to be necessary for HCV replication [38] . However, the data obtained in HeLa cells using reporters with let-7a target sites would argue against a miR-122-specific phenomenon. Furthermore, it has recently been shown that upon cell-cycle arrest, miRNAs can activate translation [39] , though whether this is linked to PBs remains to be determined.
To date, it is unclear what proportion of the population of a given miRNA-targeted mRNA is localized to PBs. The only quantification is in HeLa cells for a let-7-targeted Renilla luciferase mRNA [8] . This study showed that only 20% of the Renilla mRNA in the cytoplasm was localized to PBs. This suggests that localization to PBs alone is not sufficient to explain the observed level of miRNA repression. However, due to the lack of a clear definition of a PB, specifically whether they are microscopic or submicroscopic, the actual proportion may be higher if localization to submicroscopic PBs also occurs. Equally, it may be that only a proportion of a given mRNA repressed at initiation is subject to PB localization and that this occurs on an already translationally repressed mRNA. This hypothesis is supported by the finding that knockdown of certain PB components (LSM-1 or LSM-3) [40, 41] , which causes disruption of microscopic PBs, has no effect on miRNA repression. However, knockdown of the other PB components GW182, RCK/p54 or decapping activators, alone or in combination, relieves miRNA repression to differing degrees [33, 34, 37, 40, [42] [43] [44] . The available data suggest that PBs have some part to play in miRNA-mediated translational repression of mRNAs that are repressed at initiation, but recent data would argue that they are the consequence rather than a cause of silencing [41] . However, it is hard to see how PBs could be involved in repression of mRNAs that occurs at a post-initiation stage, since many studies have shown these mRNAs to be associated with actively translating ribosomes, which are absent from PBs [45] .
Sedimentation of miRNA-targeted mRNAs with polysomes: post-initiation repression or pseudo-polysomes?
In 2007, Therman and Hentze [46] showed that, in a Drosophila cell-free extract, miR-2 represses reaper mRNA translation and induces heavy microribonucleoproteins that co-sediment with polysomes, which were termed pseudopolysomes. They proposed that this could explain previous findings by many groups that miRNA-repressed mRNAs are associated with polysomes.
Interestingly, they showed that these structures were insensitive to puromycin, thus allowing a way to differentiate between mRNAs that are repressed by miRNAs postinitiation and mRNAs in pseudo-polysomes. Sensitivity to puromycin is indicative of actively elongating ribosomes since the ribosome needs to translocate for the puromycin molecule to cause peptide release [22] . mRNAs that are undergoing active elongation will therefore shift towards the subpolysomes on puromycin treatment. A number of groups have shown that mRNAs repressed by miRNAs by a type-2 post-initiation mechanism are puromycin-sensitive, thus demonstrating that the mRNA is truly associated with actively translocating polyribosomes and not pseudopolysomes [11, 13, 15, 16, 18] . For this reason, puromycin sensitivity is clearly an important control for the future when investigating miRNA-repressed mRNAs that remain polysomally associated.
The mechanism of miRNA repression post-initiation
Premature termination, ribosomal 'drop-off' or a reduced elongation rate?
Nottrott et al. [11] showed that a reporter mRNA harbouring the lin-41 3 -UTR, which is repressed by let-7a, sedimented in the polysomal region of the sucrose gradient, along with let-7a and Argonaute. They showed this mRNA association to be puromycin-sensitive and showed ribosomal 'run-off' if initiation was blocked using an IRE (iron response element) in the 5 -UTR. In the absence of iron, the IRE is bound by IRP-1 (iron regulatory protein 1), preventing the 40S subunit from associating with eIF4F. They concluded that miRNA repression post-initiation is leading to the degradation of the polypeptide, as discussed in the following. The work of Petersen et al. [13] supports the ribosome 'drop-off' hypothesis. They employed a synthetic siRNA to CXCR4 mRNA that can reconstitute miRNA repression if bulged target sites are placed in the 3 -UTR of a reporter mRNA [47] . They showed that the reporter mRNA was associated with polysomes in the presence or absence of siCXCR4 and observed ribosomal run-off when initiation was inhibited by incubation with hippuristanol, which inhibits eIF4A. In addition, they showed that repression by siCXCR4 decreased translational readthrough at each of the three stop codons, indicating an increased rate of termination, and concluded that the most likely model of repression is premature ribosome disassociation.
Petersen et al. [13] inhibited initiation for only 4 or 5 min with hippuristanol and observed ribosome 'run-off'. The same was true for Nottrott et al. [11] , but this was after 3 h of initiation inhibition using the IRE. In contrast to this, Maroney et al. [16] showed that K-ras mRNA, which is known to be miRNA-repressed by let-7, was still associated with polysomes when translation initiation was inhibited for 30 min using pactamycin, arguing against the ribosome 'drop-off' hypothesis and perhaps indicating instead a reduction in elongation rate.
Degradation of the nascent polypeptide
Another explanation for the observation that miRNA-targeted mRNAs are associated with polysomes, but synthesis of the corresponding full-length protein is reduced, is that the polypeptide is either degraded as it is made or shortly thereafter.
Nottrott et al. [11] hypothesized that the nascent polypeptide chain is degraded as it is translated. To test this they used a reporter construct with an N-terminal Myc epitope tag and immunoprecipitated this tag and associated complexes using an anti-Myc antibody. They were able to successfully pull out their reporter mRNA in the absence but not in the presence of their miRNA-targeted 3 -UTR (lin-41 3 -UTR). They concluded that co-translational degradation of the nascent polypeptide occurs. This result is suggestive of nascent polypeptide destruction, but the observation that inhibition of the proteasome [7, 11, 13] had no effect on repression would argue that the degradation occurs via an unidentified protease.
Petersen et al. [13] employed an N-terminal FLAG tag combined with pulse labelling to address whether the full-length polypeptide was degraded. They were able to immunoprecipitate their FLAG tag in the absence, but not in the presence of a targeting miRNA. They concluded that Type-1-repressed mRNAs are repressed at initiation by AGO-2 and GW182, perhaps via an interaction with eIFs of the eIF4F complex. These mRNAs may also be repressed via eIF6, preventing 60S joining. These translationally repressed mRNAs may then be in-part or entirely subject to PB localization, where they may be stored and/or decapped, deadenylated and degraded. Other translationally repressed mRNAs may not be subject to PB localization and may be degraded in the cytoplasm.
due to the short time period of labelling (3 min), it is unlikely that degradation of the full-length polypeptide could occur, and argued that repression was due to premature ribosomal 'drop-off'.
Evidence against post-or co-translational degradation is found in the study by Pillai et al. [8] , in which targeting the nascent polypeptide to the endoplasmic reticulum, which is likely to be inaccessible to the protease machinery, had little effect on repression. However, it is worth noting that elsewhere in the same study the mRNA encoding the protein in question was shown to be repressed at initiation.
So how do miRNAs work?
It would appear from the available data that two distinct modes of miRNA-mediated translational repression exist, both of which involve, to differing extents, deadenylation and mRNA destabilization. Our recent data [18] demonstrate that the mode of translational repression is dependent upon the promoter from which the target mRNA is transcribed.
Those mRNAs that are repressed at initiation appear to require both AGO-2 and GW182 for repression, and these factors may negatively interact with components of the translation initiation machinery (such as eIF4F) possibly including eIF6. Some of these repressed mRNAs localize to PBs and are either stored there or decapped and degraded. The extent to which PBs are involved remains to be fully determined (Figure 1) .
Those mRNAs that are repressed at a stage after initiation are generally involved in active elongation, as indicated by puromycin sensitivity (Figure 2) . However, the stage at which the inhibition occurs is less clear and is still under debate. We cannot rule out the possibility that mRNAs repressed post-initiation are also repressed at initiation, but that the post-initiation block is predominant [18] .
It is not beyond the realms of possibility that there are more than two mechanisms that exist and that miRNAs can regulate every level of translation. Equally, it may be the case that all of the observed phenomena are the result of one, as yet misunderstood, level of regulation. We propose a model by which repression at initiation is the default mechanism of miRNA-mediated repression, since studies using in vitro-transcribed mRNA appear to result in type-1 repression [7, 8] (Figure 3) . A type-2-repressed mRNA may be the result of a nuclear event during transcription, in some way related to the promoter, which causes a different We propose a model by which in vitro-transcribed mRNAs and endogenous mRNAs are subject to repression at initiation by default. A nuclear event linked to the promoter deposits a protein complex on the mRNA which directs it for repression post-initiation in the cytoplasm.
modification to the RNA or deposition of a different protein complex resulting in that mRNA being repressed post-initiation in the cytoplasm. An example of dual nuclear and cytoplasmic function is the CCR4-NOT1 complex, which has roles in transcription in the nucleus and later affects deadenylation in the cytoplasm [48] . 
